ABSTRACT. The mechanism of heat extraction from the lower oceanic crust near the ridge axis is poorly constrained despite its importance for understanding both the process of accretion of the plutonic complex and the mass fluxes associated with ridge hydrothermal systems. 
example, Detrick and others, 1987; Kent and others, 1990) . Beneath this magma body is a region of low seismic velocities that is interpreted to be a crystal mush zone that extends to the Moho and is 4 to 6 km wide (Dunn and others, 2000) . Seismic studies have also shown that the oceanic crust attains its full thickness within ϳ2 km of the axis (Detrick and others, 1987; Dunn and others, 2000) . These observations demonstrate that much of the latent heat of crystallization of the plutonic complex is extracted very close to the ridge axis allowing the mantle derived magmas added to the crust to crystallize on-axis. This requires efficient hydrothermal heat extraction from the near-axis region because purely conductive cooling would allow a large molten region to exist at the axis (Sleep, 1975) inconsistent with geophysical data.
Hydrothermal circulation at mid-ocean ridges has traditionally been believed to be largely confined to the upper crust (lavas and dikes), with much more limited fluid flow in the plutonic section. The heat to drive hydrothermal circulation within the upper crust is thought to come from cooling and crystallizing the magma body that has been seismically imaged at the base of the sheeted dike complex ( fig. 1A ). In this model the latent heat of crystallization of some or all of the plutonic section is released within the axial magma chamber, and the crystals that form subside from this body to form the lower oceanic crust (for example Sleep, 1975; Cann and others, 1985; Quick and Denlinger, 1993; Henstock and others, 1993; Phipps Morgan and Chen, 1993) . In this scenario the heat and mass fluxes through the axial hydrothermal system (for example, black smokers and associated diffuse flow) dominate the high-temperature hydrothermal fluxes. In contrast, more recent models have proposed that much of the plutonic section of the lower oceanic crust crystallizes in situ (Reuber, 1991; Bedard, 1993; Boudier and others, 1996; Kelemen and others, 1997) and thus the latent heat of crystallization is released throughout this section. This requires extensive hydrothermal circulation throughout the lower ocean crust near to the ridge axis to remove the latent heat of crystallization laterally from these crystallizing sills ( fig. 1B ). In this model black smokers carry only a fraction of the axial hydrothermal system unless hydrothermal fluid circulating in the off-axis migrates laterally in the upper crust to add to the black-smoker system; since the permeability is highest parallel to dikes this seems highly unlikely. Although recent thermal models (Maclennan and others, 2004) and observations (Coogan and others, 2002a ) suggest a hybrid between the endmember models is most likely, the proportion of the lower crust that crystallizes in the axial magma chamber is still unclear.
The key difference between the two models shown in figure 1 is the distribution of hydrothermal heat extraction within the crust. If permeability, and hence fluid flow, is much higher in the lavas and dikes than in the gabbros the system will behave as shown in figure 1A . Alternatively, if the permeability within the plutonics is similar to that within the sheeted dike complex then the system could behave more like the model shown in figure 1B . Previous studies of hydrothermal alteration of oceanic crust have generally suggested that pervasive fluid flow (for our purposes defined as fluid flow that is homogeneously distributed on a m-scale) within the plutonics is too limited to lead to significant heat extraction (Manning and others, 1996; Bickle and others, 1998; Manning and others, 2000) . Although recent work based on the Oman ophiolite has suggested that a mm-scale amphibole vein network may form at near-magmatic temperatures (Nicolas and others, 2003; Bosch and others, 2004) it is unclear if this permeability network allowed sufficient fluid flux to extract significant heat others, 1996, 2000) . An alternative mechanism of heat extraction from the lower oceanic crust, that has not been studied in detail, is through discrete, widely spaced, regions of focussed fluid flow that are meters to 10's of meters wide. Focussed fluid flow in this kind of permeability network is expected to lead to a decoupling of the thermal and chemical consequences of fluid flow. Chemical modification is concen-trated within the high permeability regions leaving little evidence of hydrothermal circulation in the surrounding rocks. Heat, on the other hand, can be extracted from regions surrounding the focussed fluid flow zones by conduction. Fig. 1 . End-member models of hydrothermal circulation and crustal accretion at intermediate-to fast-spreading ridges. Estimated vertical and horizontal power outputs per km along axis are shown for a fast-spreading ridge based on the on-axis hydrothermal system removing (A) the latent heat of crystallization of the cumulates in addition to the specific and latent heat of the dikes and lavas and (B) just the specific and latent heat of the dikes and lavas. Removal of the latent heat of crystallization from the plutonics by the axial hydrothermal system requires subsidence of cumulates from the axial magma chamber (Sleep, 1975; Quick and Denlinger, 1993; Henstock and others, 1993; Phipps Morgan and Chen, 1993) whereas if this is extracted laterally magmas can crystallize in place in sills (Reuber, 1991; Bedard, 1993; Boudier and others, 1996; Kelemen and others, 1997) . More sophisticated thermal models predict similar differences in heat fluxes (Maclennan and others, 2004, 2005) . Heat cannot be conducted vertically through the lower crust because there is no significant thermal gradient between the Moho and the axial magma chamber.
The thermal and chemical impact of focussed fluid flow at mid-ocean ridges, such as might occur in fault zones, has previously been investigated theoretically (Bodvarsson, 1969; Lowell, 1975; Strens and Cann, 1982) . The principal result of these studies is that the heat flux out of the rock into the fluid decreases rapidly after the formation of a focussed fluid flow zone. This is because heat must be conducted through the rock to the cool fault zone. As the temperature gradient in the wall-rock decreases so does the heat flux. Three mechanisms to maintain high heat fluxes can be envisaged. Firstly, the fault may progressively grow (deepen or lengthen) penetrating further hot rock. Secondly, the wall-rock around the fault could crack allowing fluid to mine heat from a wider region. Finally, the focussed fluid flow zone may penetrate close enough to the crystal mush zone that the wall rock temperature is buffered by the release of latent heat of crystallization in the mush zone. Maintaining high-temperature fluid flow in the fault zone requires either one of the three mechanisms listed above or simply low fluid fluxes.
Irrespective of the temperature of fluids flowing through focussed fluid flow zones, the cooling rate of the lower crust will be enhanced by the existence of focussed fluid flow because heat can be conducted both vertically and laterally rather than largely vertically in their absence. For example, for a fault 1 km away from the edge of the low velocity zone at the axis, acting as a cold boundary that heat can be conducted to, the average wall-rock temperature will decrease by half in ϳ2000 years [eq (3), pg. 59, Carslaw and Jaeger, 1959 ; using the parameters in table 1] .
Here we present a field, petrological and geochemical investigation of the role of focussed fluid flow in cooling the lower oceanic crust. We use the term focussed fluid flow to describe any fluid flow that occurs through meter to decameter regions of significantly higher permeability than the surroundings leading to significantly greater fluid fluxes in these regions than in the surrounding crust. In general these regions are likely to be associated with faults. We use the Oman ophiolite as a proxy for understanding hydrothermal circulation at intermediate-to fast-spreading mid-ocean ridges because, at present, there are no regions of true ocean-floor that are sufficiently well studied, or sampled, to identify focussed fluid flow zones in the lower oceanic crust. The Oman ophiolite is generally believed to be the best ophiolite analogue for modern intermediate-to fast-spreading ridges for reasons discussed elsewhere (for example, Nicolas, 1989) . In the following sections we present field and petrological Table 1 Definition of symbols, and values of constants, used in the study evidence that some regions of the lower crust in the Oman ophiolite were subjected to focussed fluid flow. We follow this with evidence that the fluid flow through these zones started at temperatures Ն800°C and continued down to Յ300°C. We then use Sr-and O-isotopes as tracers of the amount of fluid that passed through these regions of focussed fluid flow and diffusion modeling to determine the role of focussed fluid flow in heat extraction from the crust.
analytical techniques
Whole-rock compositions were determined by XRF at the University of Leicester using the methods described by Harvey and others (1996) . Mineral compositions were determined using a JEOL 8600 Superprobe at the University of Leicester using 20 second peak and background counting times, a 30 nA beam current and 15 kV accelerating voltage. A combination of natural and synthetic standards were used for calibration and a ZAF correction procedure was used to reduce the data. Longer counting times and a higher beam current were used for the analysis of Ca in olivine as described by Coogan and others (2002b) .
Oxygen isotope analyses were performed at SUERC on hand-picked mineral separates. These were all checked for purity by electron microprobe analysis and backscattered electron imaging. These were analyzed using a laser fluorination procedure, involving total sample reaction with excess ClF 3 using a CO 2 laser as a heat source (in excess of 1500°C; following Sharp, 1990 ). All combustions resulted in 100 percent release of O 2 from the silica lattice. This O 2 was then converted to CO 2 by reaction with hot graphite, then analyzed on-line by a VG PRISM III spectrometer. Reproducibility is better than Ϯ0.3 permil (1). Results are reported in standard notation (␦ 18 O) as permil (1) deviations from the Standard Mean Ocean Water (V-SMOW) standard.
Analysis of strontium isotope ratios, and mineral separate Rb and Sr concentration, were performed at Cambridge University. Standard cation exchange methods were used to separate Rb and Sr. Strontium isotopic ratios were determined on a T40 Sector 54 VG mass-spectrometer using triple collector dynamic algorithm and normalized to 86 Sr/ 88 Sr ϭ 0.1194 using an exponential fractionation correction. The NBS 987 standard gave 0.710259 Ϯ 6 (1 ) for the period of the analyses close to the average of all analyses reported in the GeoReM database (0.710253). Rubidium concentrations were determined on a Nu Instruments ICPMS using natural rubidium to monitor instrumental fractionation and standard-sample bracketing. Rubidium and Sr blanks, of less than 0.8 ng, were negligible for the sample concentrations. Age corrected Sr-isotope ratios ( 87 Sr/ 86 Sr (i) ) assume an age of 100 Ma and that the measured Rb/Sr records the Rb/Sr for this entire time; these corrections are uniformly small (Ͻ0.00018). In the few cases of mineral separates on which Rb and Sr concentrations were not determined uncorrected 87 Sr/ 86 Sr ratios are used.
field and petrological observations
We studied two areas of the southern portion of the Oman ophiolite ( fig. 2 ). In the first area, Wadi Namarah, the entire plutonic section, and the very base of the sheeted dike complex, is exposed overlying the Wadi Tayin mantle section. Multiple small ultramafic intrusions, that disrupt the layering within the mafic cumulates, occur in the Wadi Namarah section indicating that the magmatic accretion of this crustal section was not as simple as that shown in figure 1A . The second study area is the Wadi Abyad section of the Nakhl-Rustaq block ( fig. 2) . Here too the entire plutonic section is exposed as well as the base of the sheeted dike complex and a ϳ10 km section of the upper mantle. There are few ultramafic intrusions in this area.
Three regions of focussed fluid flow in Wadi Namarah and one in Wadi Abyad were studied and sampled in detail. In these zones we collected amphibole and epidote veins and whole rock gabbro samples that we term wall-rock gabbros to identify them as having come from in, or around, regions of focussed fluid flow. Individual amphibole and epidote veins, not obviously associated with regions of extensive alteration, were also collected from throughout the crustal sections to provide a comparison of the histories of the fluids that flowed through these two permeability networks. Additionally, samples of apparently fresh gabbro were collected from throughout the height of the plutonic complex to provide a baseline for the alteration studies. We use the term background gabbros to indicate samples collected away from any macroscopic evidence for extensive fluid flow (that is outside of focussed fluid flow zones and away from mm-scale hydrothermal veins). We use the term fresh to describe both background gabbros and wall-rock gabbros that do not show petrographic evidence of significant reaction with hydrothermal fluids and altered for those samples that do. Of course, there is a gradation between these end-member descriptors.
Distribution and Orientation of Focussed Fluid Flow Zones
It is impossible to accurately quantify the distribution of focussed fluid flow zones in the field without having 100 percent exposure due to the greater likelihood of Fig. 2 . Location maps for the two study areas and their location in the Oman ophiolite based on published maps (Bailey, 1980; Lippard and others, 1986; MacLeod and Yaouancq, 2000) . The orientations of lineaments identified on aerial photographs are shown, as are the orientations of veins and faults measured in the field for the main study areas (as poles to planes in lower hemisphere equal area projections). Each location where these photolineaments were confirmed as hydrothermally altered fault zones are shown as location numbers.
faulted and altered regions being eroded and not exposed. An estimate of the distribution of these zones can be made by combining our field observations and the distribution of photo-lineaments on aerial photographs. Major photo-lineaments, interpreted as traces of faults, occur at a separation of ϳ1 km in both of the study areas ( fig. 2 ). Ground truthing of these in the field confirmed that, at least in the places studied (locations marked on fig. 2 ), photo-lineaments coincide with regions of focussed fluid flow. Parallel, but less well developed photo-lineaments occur between these major features. Based on these observations it seems likely that focussed fluid flow zones occur on an ϳ1 km scale in the plutonic complex in the Oman ophiolite.
The relationship between the orientation of the photo-lineaments, interpreted to be regions of focussed fluid flow, and smaller scale structures provides further insight into the origin of these structures. Photo-lineaments in Wadi Namarah have two general trends one of which is sub-parallel to the strike of the sheeted dike complex. In Wadi Abyad there are a range of dike orientations and the trend of the photolineaments are sub-parallel to the strike of one set of dikes ( fig. 2) . In neither area is the sheeted dike complex well exposed with only small outcrops of sheeted dikes protruding above recent gravels and sands. Hydrothermal amphibole and epidote veins, and fault gouges, within the focussed fluid flow zones studied also have a strike sub-parallel to the photo-lineament that they lie on ( fig. 2 ). These observations suggest that veins within the focussed fluid flow zones, the faults that define these zones and the dikes formed in the same regional stress field.
Directly determining how far from the ridge axis these faults formed is not possible. Indirect constraints come from the high temperature of fluid flow and comparison with the movement on surficial faults at the East Pacific Rise. Hightemperature alteration suggests that fluid flow initiated close to the ridge axis. The faults bounding abyssal hills develop a surface expression approximately 2 to 6 km off-axis, and continue to grow out to ϳ30 km off-axis (Macdonald and others, 1996) . We speculate that movement on the faults related to focussed fluid flow may also occur across this spatial range keeping permeability open. The temperature and extent of hydrothermal flow will vary substantially across this interval though.
Geology of the Focussed Fluid Flow Zones
Regions of focussed fluid flow were identified in the field on the basis of high densities of hydrothermal veins, the occurrence of fault gouges, and higher than background alteration of the wall-rock gabbros between the veins. Clustering of hydrothermal veins and faulting has been documented by previous studies in the Oman ophiolite (Nehlig and Juteau, 1988 ) and large O-isotopic shifts have been documented in these areas (Stakes and Taylor, 1992) . The focussed fluid flow zones studied here range in width from ϳ10 m to ϳ50 m with the narrower zones showing more concentrated hydrothermal alteration and the wider zones being more diffuse.
Fault gouges were identified in most of the focussed fluid flow zones studied, however, field observations do not allow unambiguous determination of whether the faulting pre-or post-dated the initiation of fluid flow. These are generally ϳ10 cm wide, and are composed of plagioclase, clinopyroxene, amphibole, epidote, prehnite and chlorite based on limited XRD analysis.
All of the locations identified in the field as regions of focussed fluid flow have high concentrations of amphibole veins that are generally Յ2 mm wide. Clinopyroxene in the host rock around these veins is generally altered to amphibole on a mm-scale away from the vein. Epidote veins are generally wider (5 to 150 mm) and are abundant in most of the focussed fluid flow regions identified. Although termed epidote veins in the field, and throughout this study, they commonly also contain zoisite. Composite amphibole-epidote veins were also observed with the epidote in the middle and the amphibole at both vein margins. Both amphibole and epidote crystals found in the veins locally have fibrous crystal habits indicating growth directly from a fluid phase into a void. Chlorite and prehnite occur both as veins and replacing the primary minerals and calcite veins were identified in three samples (OL65, OL66 and OL90) .
Alteration of the wall-rock gabbros between hydrothermal veins within the zones of focussed fluid flow ranges from complete replacement of the primary assemblage, and loss of the igneous texture, through to preservation of fresh rocks. Replacement of the primary assemblage is dominantly by amphibole, epidote, chlorite and prehnite; the same assemblage that dominates the veins. The most extreme alteration completely obliterates the primary igneous texture as well as mineralogy. Where this is observed over wide areas, rather than just in vein halos, the most abundant secondary minerals are epidote and zoisite with minor amphibole, chlorite and titanite (for example, epidotized zones in fig. 3 ). Accessory titanite, magnetite, rutile, spinelhercynite solid solution and quartz occur as metamorphic minerals in altered rocks. This overall hydrothermal mineral assemblage matches that identified elsewhere in the plutonic complex of the Oman ophiolite (for example, Nehlig and Juteau, 1988; Stakes and Taylor, 1992) .
Bulk rock compositions of wall-rock gabbros from the focussed fluid flow zones are highly depleted in Cu (ϳ15 ppm compared to a fresh rock value of ϳ100 ppm) and moderately depleted in Zn (ϳ15 ppm compared to a fresh rock value of ϳ25 ppm). These Cu depletions are similar to those observed in both epidosites and the basal dikes in the Troodos ophiolite which are thought to have been the source rocks for metal rich vent fluids (Richardson and others, 1987; Gillis, 2002) . Wall-rock gabbros are also commonly Na-depleted presumably due to the common replacement of plagioclase by epidote Ϯ chlorite with Na loss to the hydrothermal fluid. Figure 3 shows the distribution of alteration, veins and chemistry across the best-studied fault zone -location N4 in Wadi Namarah ( fig. 2 ). The zone of most pervasive alteration here is 10 to 15 m wide although the total width of the zone of enhanced fluid flow is more than twice this. In this zone much of the rock has been completely replaced by an epidote-rich assemblage with little or no trace of the igneous assemblage. The most pervasively altered region is cut by numerous amphibole and epidote veins and these are also abundant in the peripheral zone. Some relatively unaltered gabbro exists within the peripheral zone. This retains an igneous texture, and much of the igneous plagioclase and clinopyroxene are preserved, with only ϳ20 percent replacive amphibole and chlorite. Pegmatitic patches of variable size occur throughout the zone of most extreme alteration. Thin shear zones are also observed throughout the focussed fluid flow zone especially at the margin at ϳ30 m along the transect in figure 3 .
The changes in bulk-rock 87 Sr/ 86 Sr,
87
Sr/ 86 Sr of epidote veins, and bulk-rock Cu contents across this zone are shown in figure 3. Bulk-rock Cu contents are very low throughout the altered region irrespective of whether the sample is completely epidotized or is only moderately altered. Strontium isotope compositions show a similar pattern with highly elevated values in both epidotized bulk-rock samples and in epidote veins in the highly altered regions, moderately elevated values in only slightly altered rocks in the zone of extensive alteration, and low values outside of the highly altered region. Both of these chemical proxies indicate that the region of extensive mineralogical change corresponds to a region of substantial metasomatic change too. These Sr-isotope data are returned to in detail in the STRONTIUM-ISOTOPE CON-STRAINTS ON THE FLUID FLUX section.
temperature interval of focussed fluid flow
Determining the temperature of fluid-rock reaction in mafic systems is challenging and absolute temperature estimates contain significant uncertainties not least because of the difficulty in demonstrating equilibrium. That said, a quantitative constraint on the peak temperature of fluid flow is available from amphiboleplagioclase thermometry (Holland and Blundy, 1994; Manning and others, 1996) . We have used this approach to determine amphibole formation temperatures for both amphibole veins and amphibole replacing clinopyroxene both within, and outside of, focussed fluid flow zones. others (1996, 2000) have discussed the use of this thermometer in hydrothermal systems and these discussions are not repeated here in detail. Whether equilibrium between plagioclase and amphibole is achieved is critical to the use of this thermometer. However, rapid hydrothermal reaction rates at the temperature of amphibole formation is expected to ensure a close approach to equilibrium (Manning and others, 2000) . 
in the lower oceanic crust
Amphibole-plagioclase thermometry gives temperatures from 602°C to 848°C. There is no systematic difference in the temperature of formation for the different textures of amphibole studied (vein, replacive, microcrack; fig. 4 ) although the dataset is too limited to make a statistically meaningful comparison (6 samples containing veins and 8 samples with replacive amphibole). Additionally, there is also no consistent difference in the equilibration temperature calculated for amphibole within and outside of focussed fluid flow zones but again the dataset is small. These temperatures are similar to those determined by Manning and others (2000) , using the same approach, for microscopic amphibole veins away from focussed fluid flow zones in Wadi Abyad which range between 700°C and 830°C. Irrespective of the uncertainties in the absolute temperatures of amphibole crystallization, because the same technique was used, the similarity in the temperatures determined here to those of Manning and others (2000) indicate that the peak temperature of focussed fluid flow, and fluid flow in isolated mm-scale veins, is similar to that for fluid flow in micro-cracks.
The lowest temperatures recorded by the amphibole veins that we studied are ϳ600°C but this may be a consequence of the limitations of the thermometer used (for example, it is not calibrated for plagioclase outside of the compositional range An 10 to An 90 meaning that many amphibole-plagioclase pairs analyzed yielded no temperatures) rather than reflecting a lower limit for the temperature of amphibole formation. In fact, the occurrence of Al-poor actinolite (Ͻ4 wt% Al 2 O 3 ) and anorthite-poor plagioclase (An 0-40 ) in some samples suggests amphibole formation in the transition between the amphibolite and greenschist facies at temperatures between 450°C and 550°C (for example, Liou and others, 1974) . The occurrence of epidote and chlorite in addition to amphibole in all focussed fluid flow zones, and the occurrence of albitic plagioclase in many altered rocks, indicates that fluid-rock reaction in these regions also occurred at lower temperatures into the greenschist facies. Based on reaction path modeling (McCollom and Shock, 1998) and experimental studies (for example, Liou and others, 1974; Moody and others, 1984) epidote is stable between ϳ300°C and 550°C at low pressures in mid-ocean ridge hydrothermal systems. Epidote compositions are a complex function of temperature, pressure and fluid and rock compositions. Epidote displays a wide range of composition both within a given sample (and even within individual crystals) and between samples (for example, 2 to 16 wt% Fe 2 O 3 across the sample suite) with no systematic compositional difference between vein and replacive textures. Most likely this compositional range is a result of minor changes in the local fluid and/or rock composition (for example, Bird and Helgeson, 1981) . It will also be shown in the O-ISOTOPE CONSTRAINTS section that epidote O-isotopes are best explained by growth at temperatures between 290 Ϯ 50°C and 500°C. Chlorite formation temperatures, determined using the thermometer of Cathelineau and Nieva (1985) , are between 240°C and 340°C. Based on the combined temperature estimates given above, and considering the inherent uncertainties, there is no evidence for a substantial break in fluid flow between ϳ800°C and ϳ220°C in the focussed fluid flow zones ( fig. 4 ). This does not, however, require that fluid flow was continuous, or of constant flux, throughout this temperature interval.
strontium-isotope constraints on the fluid flux
The strontium isotopic composition of 37 whole-rock gabbro samples, 10 epidote veins and 5 amphibole veins have been determined (table 2). Figure 5 shows how the Sr-isotopic composition of all phases varies with depth in the crust. Kawahata and others, 2001 ). Additionally, the uppermost gabbro that comes from very near the base of the sheeted dike complex, where hydrothermal alteration is pervasive, has a 87 Sr/ 86 Sr (i) of 0.70506 supporting a similar Sr-isotopic composition for the dikes in this area.
In both study areas there is no systematic difference in the 87 Sr/ 86 Sr (i) between the amphibole veins, which formed at 600°to 850°C, the epidote veins which formed at lower temperatures (Յ550°C), and altered wall-rock gabbros in the focussed fluid flow zones. There is also no systematic change in vein or altered rock 87 Sr/ 86 Sr (i) with depth in the crust in either study area. Both of these are important observations that will be returned to. Sr (i) in the region of most extensive veining. Some only partially altered rocks, within the most altered region, are not as enriched in radiogenic Sr. At the margin of the focussed fluid flow zone the 87 Sr/ 86 Sr (i) of the walk-rock gabbros drops sharply to close to fresh values. These data suggest that fluid flow was focussed within a relatively narrow zone; that said, one margin of the zone is not exposed well enough to determine the width of this zone accurately.
An unexpected finding from this study is that mm-scale amphibole veins, both within and outside of focussed fluid flow zones, have similar 87 Sr/ 86 Sr (i) to epidote veins and wall-rock gabbros within the regions of focussed fluid flow ( fig. 5 ). To investigate fluid-rock reaction during fluid flow in isolated fractures we analyzed the Sr-isotopic composition of the gabbro surrounding a single amphibole vein in sample 2003OL118 ( fig. 6 ). Slices of gabbro were cut parallel to the veins and crushed for whole-rock Sr-isotope analysis. This sample comes from the focussed fluid flow zone at Table 2 Analytical data All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition Table 2 (continued)
All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition 401 in the lower oceanic crust Table 2 (continued)
All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition Table 2 (continued)
All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition 403 in the lower oceanic crust Table 2 (continued)
All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition 405 in the lower oceanic crust Table 2 (continued)
All O and Sr isotope analyses of amphibole and epidote are for mineral separates from veins V ϭ veins, R ϭ replacive Amphibole-plagioclase and chlorite formation temperatures are averages of all analyses in the sample dike ϭ two dike samples from the Ibra sycline away from Wadi Namarah LOI ϭ loss on ignition Sr (i) decreases away from this amphibole vein over a distance of ϳ10 mm to near the host rock composition.
The data shown in figure 5 demonstrate that fluid-rock reaction has significantly modified the Sr-isotopic composition of the lower crust in the focussed fluid flow zones. Mono-mineralic veins, locally with a fibrous crystal habit, are assumed to have grown directly from a fluid and hence their isotopic composition should be the same as that of the fluid that they grew from. The observation that altered wall-rock gabbros and mono-mineralic veins commonly have similar Sr-isotope compositions ( fig. 5 ) suggests Sr-isotopic equilibration between the fluid and rock within focussed fluid flow zones. Before using these observations to quantify the fluid fluxes we must consider what modification to the mineral 87 Sr/ 86 Sr (i) could have occurred after they crystallized.
Strontium exchange between amphibole and fluids circulating through the crust may occur after amphibole formation via diffusion. Assuming a cooling rate of ϳ0.01°Cyr Ϫ1 , based on the thermal modeling of Maclennan and others (2005) , it takes ϳ10,000 yrs for any region of the lower oceanic crust to cool 100°C. Calculation of the characteristic diffusion distances for Sr diffusion in amphibole in 10,000 yrs at 800°C (30 -60 m), 700°C (5 -10 m) and 600°C (1 -2 m) demonstrates that at temperatures below ϳ700°C diffusion distances are sufficiently short that little isotopic exchange is likely to have occurred (using the diffusion data of Brabander and Giletti, 1995) . At higher temperatures diffusion rates are faster increasing the possibility of Sr-exchange between amphibole and fluids. Thus, although it is plausible that amphibole Sr-isotopic ratios were reset after initial crystallization they must record fluid compositions at temperatures Ն700°C. The lower temperatures at which epidote formed make it highly unlikely that diffusion rates were rapid enough to allow epidote compositions to be modified post crystallization. However we know of no data for the diffusivity of Sr in epidote, preventing us from testing this assumption.
Below we use the Sr-isotope data to investigate: (i) the minimum fluid-flux through the focussed fluid flow zones based on the 
Minimum Fluid-Flux Through Focussed Fluid Flow Zones
The shift of the Sr-isotopic composition of a region of the oceanic crust from its magmatic composition towards that of seawater during hydrothermal circulation can be used to trace the time integrated fluid flux through the crust (for example, Spooner and others, 1977; Bickle, 1992; Bickle and Teagle, 1992) . Simple models assume equilibrium between the rock and fluid at all points along its path. If equilibrium is not achieved equilibrium models will underestimate the fluid flux and hence this approach provides a minimum fluid flux. It is straightforward to determine the minimum fluid flux required to transport a metasomatic front through a one-dimensional column of rock from mass balance [for example, eq (11) of Bickle, 1992; see (i) with depth of either of the veins, or the wall-rock gabbros within the focussed fluid flow zones, as would be expected if the Sr-metasomatic front had not reached the based of the crust. We follow Bickle and Teagle (1992) and assume k d ϳ 10 based on the relative concentrations of Sr in the oceanic crust and in average present-day vent fluids. For a lower crust ϳ4000 m thick the minimum fluid flux through the focussed fluid flow zones is calculated to be ϳ120x10 6 kgm Ϫ2 . If the Sr content of Cretaceous seawater was significantly higher than that of modern day seawater this could be an over-estimate (Gillis and others, 2005) . However, other uncertainties in this calculation lead to this being an underestimate of the true fluid flux through the focussed fluid flow zones.
Pervasive Fluid Flow Through the Plutonic Complex
There is significant scatter in the 87 Sr/ Sr (i) reflects varying extents of exchange with hydrothermal fluids, rather than primary magmatic scatter, then it is of interest to determine how large a fluid flux is required to cause this shift in rock composition. Figure 7 shows three schematic models for the origin of this pervasive alteration. It may occur through pervasive fluid flow along closely spaced fractures such as grain boundaries ( fig. 7A) . Alternatively, but similarly, it may occur as haloes around larger, more widely spaced, fractures that also are pervasive through the lower crust ( fig. 7B ). Finally, it may occur in a manner similar to either of the above but with the fluid flowing laterally from a focussed fluid flow zone rather than vertically through the crust (fig. 7C ). The data shown in figure 6 suggest that alteration around mm-scale amphibole veins does not extend far enough into the wall-rock to be responsible for the background alteration. However, more data of this kind will be necessary to test this.
The former two models (figs. 7A and 7B) can be investigated quantitatively using existing analytical models. We assume that the initial fluid composition entering the top of the plutonic section was the same as that in the sheeted dike complex demonstrating that the fluid and rock were clearly not in equilibrium. Thus, we follow Bickle (1992) and model this as one-dimensional, kinetically limited, fluid-rock exchange with linear kinetics (see Lassey and Blattner, 1988; Bickle and Teagle, 1992; , for details). The extent of modification of both the fluid and rock compositions during fluid-rock reaction is dependent upon only two unknowns: (i) the time integrated fluid-flux and (ii) the Damkohler number (N d ). The N d is a measure of the relative rates of horizontal Sr exchange between the fluid and the wall rock and vertical fluid advection, and can be defined (Bickle, 1992) :
For these calculations we assume that the plutonic complex had a constant (20) and (21) of Bickle (1992) , the rock and fluid composition at any depth in the crust can be calculated for any given fluid flux through the system. Using equations 20 and 21 from Bickle (1992) with a N d of ϳ0.2 provides the best-fit to the Wadi Namarah data under these conditions. However, similarly good fits to the data can be obtained for a range of fluid fluxes ( fig. 8) . We have not modeled the data from Wadi Abyad due to having insufficient data to constrain the model well; however, a similar fluid flux would fit the data adequately. The Damkohler number (that is, the relative rates of horizontal fluid-rock exchange and vertical fluid advection) is very similar to that calculated using the same general approach for the upper crust (lavas and dikes) in ODP Hole 504B (Teagle and others, 2003) . This may suggest that low Damkohler numbers are characteristic of Sr-exchange in oceanic hydrothermal systems, or may be an artifact of the modeling approach.
The low calculated N d is a function of the lack of any significant decrease in rock 87 Sr/ 86 Sr (i) with increasing depth in the crust. If fluid flow was pervasive then this requires that Sr-exchange between the fluid and the crust was slow allowing radiogenic seawater strontium to be transported to depth in the crust without large increases in the 87 Sr/ 86 Sr (i) of the uppermost gabbros. For such a low N d a more appropriate model for fluid-rock exchange may be diffusive exchange between fluid flowing in widely separated cracks and the wall-rock (Bickle, 1992) . Using this approach [eq (38) of Bickle, 1992] a smaller fluid-flux of ϳ16x10
6 kgm Ϫ2 provides a good fit to the rock data at the same N d (fig. 5) .
The calculated pervasive fluid fluxes, taken at face value, are very large and would have a significant impact on the thermal structure of the lower oceanic crust. A fluid flux of ϳ10x10 6 kgm Ϫ2 is approximately 1 kg of fluid per kg of rock in the lower crust. Since the average heat capacity of seawater is ϳ3 to 6 times that of rock at hydrothermal temperatures and pressures (Bischoff and Rosenbauer, 1985; Cann and others, 1985; Bowers, 1995) heating the fluid by 1°C cools the rock by 3 to 6°C. Manning has shown that amphibole in microcracks within the lower oceanic crust formed at Ն700°C but most fluid-rock reaction in the sheeted dike complex occurs at Ͻ400°C. Thus at least some of the pervasive fluid flux through the lower oceanic crust is heated by ϳ300°C; if all of the calculated pervasive fluid flux was heated this amount then much, if not all, of the heat from the lower crust could be removed by pervasive fluid flow. This back-of-the-envelope calculation suggests that the majority of the cooling of the lower oceanic crust could occur through heat extraction by pervasive fluid flow. When combined with the calculated fluid flux through focussed fluid flow zones (Minimum Fluid-Flux Through Focussed Fluid Flow Zones section) all of the heat from cooling the lower oceanic crust from magmatic to seawater temperatures could be extracted by hydrothermal circulation. This appears to be implausible as a significant fraction of the cooling of the lower crust is required to drive large fluid fluxes through the sheeted dike complex to modify the 87 Sr/ 86 Sr (i) of this region (Kawahata and others, 2001 ). Although the modeling approach used above may not be accurate enough to quantify the fluid flux, for example due to uncertainties in the Sr content of Cretaceous seawater and the role of anhydrite in removing Sr from hydrothermal fluids before they react with the gabbros, another problem with the pervasive flow model is the low N d . If fluid flow through the plutonic section of the crust was pervasive, with fluid flowing along grain boundaries and/or through micro-cracks at high temperatures (figs. 7A and 7B), rapid fluid-rock reaction would be expected (Wood and Walther, 1983 Sr. An alternative explanation for the metasomatism of the lower crust, away from focussed fluid flow zones, is that fluids may penetrate to depth in the crust in the focussed fluid flow zones and then be transported laterally from these into the surrounding crust ( fig. 7C) (i) of veins inside and outside of the FFF zone is also difficult to explain if the fluid flowing through these two permeability networks was unrelated providing circumstantial evidence for a link between these permeability networks.
Despite fluid transported to depth in the crust in focussed fluid flow followed by lateral fluid flow away from these conduits providing the most plausible explanation for our observations, it is not possible to discount pervasive vertical fluid flow for two reasons. Firstly, uncertainties in the modeling approach may lead to the calculated fluid fluxes being significant over-estimates. Secondly, the background samples may be biased to more altered compositions since they were collected within or close to Wadi valleys, which may contain unexposed fault zones.
Summary of the Findings of the Sr-Isotope Study
The critical conclusion from the Sr-isotope data is that the average fluid 87 Sr (i) with depth in the plutonic complex, in either the focussed fluid flow zones or in fresh rocks, suggests either: (i) very slow fluid-rock reaction (low N d ), or (ii) that the alteration of 'fresh rocks' was caused by fluids that had flowed through the major regions of focussed fluid flow and then migrated laterally into the surrounding crust. The latter model is favored because the pervasive flux is thermally unreasonable and because slow fluid-rock reaction is unlikely as explained in the following paragraph.
The observation that metasomatism around mm-scale amphibole veins only extends ϳ2 cm into the wall-rock ( fig. 6 ) suggests that pervasive fluid flow in this permeability network was incapable of modifying the 87 Sr/ 86 Sr (i) of fresh rocks well away from macroscopic fluid flow conduits. This indicates that fluid flow in a smaller-scale permeability network, such as micro-cracks along grain boundaries, must be important in altering the fresh rock 87 Sr/ 86 Sr (i) . Fluid flow in micro-cracks is likely to be slower due to the lower porosity and greater tortuosity of this permeability network. Furthermore, diffusion distances for fluid-rock equilibration will be shorter (grain radii) and hence fluid flowing in micro-cracks will equilibrate with the rock much more rapidly than fluid flowing in mm-scale veins. This rapid fluid-rock reaction would lead to a systematic decrease in the extent of rock 87 Sr/ 86 Sr (i) enrichment with depth below the base of the sheeted dike complex if fluid flow was pervasive. Thus, instead of pervasive fluid flow through the crust on this scale, we envisage that both macroscopic and microscopic amphibole veins form as off-shoots from regions of focussed fluid flow ( fig. 7C ). Large fluid fluxes through these distributed focussed fluid flow zones can transport high 87 Sr/ 86 Sr (i) fluids to depth in the crust prior to lateral transport into the surrounding crust.
o-isotope constraints
The O-isotope compositions of amphibole and both green and pink epidote separated from hydrothermal veins was measured. The O-isotope compositions of these minerals is controlled by three factors: (i) the ␦ 18 O value of the fluid that they grew from which, in turn, depends in part on the fluid-flux as discussed above for Sr-isotopes; (ii) the temperature-dependent O-isotope fractionation factor between the mineral and fluid; and (iii) any post-growth exchange with the surrounding minerals.
Epidote O-Isotopes Green epidote from hydrothermal veins have ␦
18 O values between -1.0 permil and ϩ2.4 permil in Wadi Namarah and -1.5 permil to ϩ1.3 permil in Wadi Abyad similar to the only previously published data for epidote in Oman (1.1‰; Stakes and Taylor, 1992) . Pink epidote displays a similar range in compositions (-1.1‰ to 1.8‰; table 2) and has a major element composition little different from that of green epidote suggesting that the color may partially reflect contamination by microinclusions (small amounts of a hydro-grossular -andradite solid solution have been identified mixed with epidote based on microprobe analyses) as well as small amounts of manganese in the epidote (Ͻ0.3 wt% MnO). The lowest ␦
18 O values in both Wadi Abyad and Wadi Namarah are found in thick (Ͼ2 cm) monomineralic green epidote veins that are laterally continuous at the outcrop scale. Excluding these two veins all other epidote veins have ␦ 18 O Ͼ 0. As discussed above the temperature of formation of the epidote veins is poorly constrained with a probable upper stability limit of Յ550°C (Bird and Helgeson, 1981; Moody and others, 1983; McCollom and Shock, 1998) . Although we know of no direct measurements of the diffusion coefficient for O in epidote, Ferreira and others (2003) use natural quartz-epidote fractionations in slowly cooled granites to estimate a closure temperature for O-diffusion in epidote of ϳ500°C. Although this kind of empirical approach to determining closure temperatures (or diffusion coefficients) is problematic it is the only available data. Taking this temperature at face value suggests that, for the relatively rapid cooling rates considered here, diffusive exchange of O after epidote crystallization is unlikely to have been significant.
Assuming that epidote records its initial ␦
18
O, epidote formation temperatures can be calculated given an independent estimate of the ␦ 18 O of the fluid that they grew from. Alternatively, the fluid ␦ 18 O value can be estimated if the temperature can be independently determined. Based on the large fluid fluxes through fault zones, as determined from the Sr-isotope data, it seems likely that the O-isotopic composition of the fluid would have been close to that of seawater. This is because the fluid/rock partition coefficient for O is greater than that for Sr meaning that a smaller fluid flux is required to force the rock into equilibrium with the initial fluid (Bickle and McKenzie, 1987) . Thus, since rocks within the focussed fluid flow zones were generally in Sr-isotopic equilibrium with the fluid (fig. 4) then it is reasonable to assume that they would have been in O-isotopic equilibrium too.
Assuming a fluid ␦ 18 O of 0 permil, epidote formation temperatures are mainly 290 Ϯ 50°C (using the fractionation factors from Zheng, 1993) ; if instead the Cretaceous ocean had a ␦
O of -1 permil (for example, Veizer and others, 1999 ) the temperatures would be 240 Ϯ 30°C. Alternatively, if the fluid was partially rockbuffered (␦ 18 O Ͼ3) then O-isotope thermometry predicts temperatures Ͼ500°C for all samples and in many cases the epidote compositions could not be equilibrium compositions at any temperature. The two large (Ͼ2cm wide) pure epidote veins give much higher temperatures of ϳ500°C assuming equilibrium with a fluid with a ␦
O of 0 permil (ϳ400°C for a fluid ␦ 18 O of -1‰). If these thick epidote veins formed at a similar temperature to the majority of the epidote they would need to have grown in equilibrium with a fluid with a ␦ 18 O of approximately -2 permil. It seems unlikely that such different fluid compositions would coexist at the same temperature within the focussed fluid flow zones. Additionally it seems unlikely that a fluid would be forced to such low ␦
O values while exchanging with a gabbroic assemblage at ϳ300°C. These two lines of reasoning suggest that the thick epidote veins formed at higher temperatures (400 -500°C) than the majority of the veins.
To investigate whether variations in epidote composition controlled the fractionation of O-isotopes between epidote and the fluid (for example, Matthews and Schliestedt, 1984 ) the major element composition of portions of the minerals separated for O-isotope analysis were analyzed by electron microprobe. There is a weak correlation between the pistacite content of the epidote and ␦ 18 O (r 2 ϭ0.14 or 0.35 excluding one outlier). However, epidotes of any given pistacite content exhibit over half of the total observed range in ␦ 18 O, indicating that epidote composition plays a secondary role at most in controlling epidote O-isotope composition. Notably, epidote in the two samples with the lowest ␦
O values span almost the entire range of pistacite contents demonstrating that the major element chemistry of these samples did not lead to their depleted ␦
O values.
Amphibole O-Isotopes
The ␦ 18 O of amphibole separated from mono-mineralic hydrothermal veins range between 2.9 and 5.5 permil in Wadi Namarah and 0.7 and 4.5 permil in Wadi Abyad with veins from Wadi Namarah generally having higher ␦ 18 O than those from Wadi Abyad at a similar depth in the crust ( fig. 9 ). Similar ␦ 18 O values have been found for groundmass amphibole in the Oman ophiolite previously Stakes and Taylor, 1992; Bosch and others, 2004) . There is no correlation between the amphibole formation temperature, determined by amphibole-plagioclase thermometry, and ␦ 
in the lower oceanic crust
Namarah and Wadi Abyad amphibole veins from shallower in the crust generally have slightly higher ␦ 18 O than those deeper in the crust although this trend is not well constrained ( fig. 9) .
The amphibole ␦ 18 O data are more complex to interpret than the epidote data because they formed at high enough temperatures that diffusive exchange of O with surrounding phases after vein formation may have been significant. Over the temperature interval of amphibole vein formation (600 -850°C) amphibole will crystallize with a ␦ 18 O ϳ2 permil lower than the fluid it grows from (Zheng, 1993) . As discussed in the Epidote O-Isotopes section, because O is less strongly partitioned into the rock over the fluid than Sr, the O-metasomatic front should traverse the crust more rapidly than the Sr-isotope front (Bickle and McKenzie, 1987) . Thus, if we assume that the amphibole veins grew from a fluid that had a seawater like ␦ 18 O of ϳ 0 permil we would expect amphibole veins to have ␦ 18 O of -2 permil; this is clearly not the case. This discrepancy can be explained in at least three ways: (i) the Damkohler number for Sr-and O-isotope exchange may be different, perhaps due to Sr exchange by dissolutionreprecipitation reactions and O-isotope exchange by both dissolution-reprecipitation and diffusion; (ii) if the high concentration of dissolved cations in the fluid that the amphibole veins grew from led to large "isotope salt effects" changing the equilibrium fractionation factor (for example, Horita, 2005) ; and (iii) if the amphibole compositions have been reset after crystallization by O-exchange with their wall-rock.
If applied to an entire focussed fluid flow zone the first model would require much wider regions of O-isotope exchange than Sr-isotope exchange around focussed fluid flow zone. Diffusion, even with enhanced diffusion rates along grain boundaries cannot significantly increase the volume of rock that could exchange O, but not Sr, isotopes in this situation (10's of cm maximum). Alternatively, the fluid in the focussed fluid flow zone may have had a ␦ 18 O close to 0 permil but fluid in the fractures that came off this zone into hotter rock may have exchanged O more rapidly than Sr with the surrounding wall-rock. In this transient case a small volume of fluid could potentially diffusively exchange O, but not Sr, with the wall-rock. Amphibole veins precipitated from these fluids could then be rock-buffered for O-but not for Srisotopes and could have ␦
18 O values similar to those observed. The second model for the high ␦
18
O in amphibole is that the equilibrium fractionation factors between amphibole and the fluid that it grew from may have been significantly different to the equilibrium fractionation factor for amphibole growing from pure H 2 O. Fractionation factors at elevated temperatures depend on the concentration of dissolved salts and dissolved minerals but apparently by too small amounts to explain the amphibole compositions (Horita, 2005) . However, there is no experimental data to quantify this for the system we are interested in.
In the third model, if amphibole grew from a fluid with ␦ 18 Oϭ0 permil, and then diffusively equilibrated its O-isotopes with the surrounding phases (plagioclase and clinopyroxene) after fluid flow ceased, then the amphibole ␦ 18 O would increase to an equilibrium value ϳ1 permil lower than the bulk rock at 850°C. Although the extent of equilibration cannot be determined accurately the characteristic diffusion distances for O in amphibole and plagioclase at this temperature are ϳ100 m and ϳ2 mm in 10,000 yrs respectively [diffusion data from Farver and Giletti (1985, tremolite) and Elphick and others, (1986, wet albite) respectively]. Considering the fine grain size of fibrous amphibole in many veins significant O-isotope exchange could have occurred leading to amphibole ␦ 18 O in equilibrium with the surrounding wall rock. In this scenario, we would expect the final distribution of O-isotopes to be controlled by the cooling rate. This is because cooling would be accompanied by progressively changing fractionation factors between amphibole and the other phases in the rock. Rapid cooling would 'freeze in' a high temperature distribution of O-isotopes and slower cooling would 'freeze-in' a lower temperature distribution of O-isotopes.
To investigate the possibility of retrograde O-isotope exchange between amphibole and the surrounding igneous phases we have modeled down-temperature diffusive exchange of O-isotopes between these phases using the model COOL (Jenkin and others, 1991) . This is based on the classic Dodson (1973) model of diffusive exchange during cooling linked to mass balance constraints as introduced by Giletti (1986) . For reasonable model conditions the variation in amphibole O-isotope composition due to different cooling rates can be Ն1.5 permil (fig. 10 ). It should be noted that the final ␦
O of the amphibole would also depend on the bulk rock ␦ 18 O which would be unlikely to be exactly that of a fresh rock as assumed in the modeling. Thus, variations in diffusive exchange of O between amphibole and the surrounding rock, in addition to variations in whole-rock O-isotope composition, offers a plausible explanation for both: (i) the higher ␦ 18 O of amphibole veins than expected for growth from a fluid with a ␦
O of ϳ0 permil, and (ii) the higher ␦ 18 O of amphibole veins at shallower levels in the crust; that is, the shallow crust would cool more rapidly and thus a higher temperature O-isotope distribution would be frozen in. Because of the complications in understanding amphibole O-isotope compositions we do not consider these data further. 18 O of amphibole may depend on the cooling rate if downtemperature diffusive isotopic exchange with the surrounding plagioclase and clinopyroxene is important. At slower cooling rates O-isotopes can equilibrate between these phases down to lower temperatures which leads to lower ␦ 18 O in amphibole. The modeling follows the Dodson (1973) model modified to include mass balance (Giletti, 1986) using the model COOL (Jenkin and others, 1991) . The modeling assumes spherical grains with a diameter of 0.1 mm for all phases; 15% amphibole, 10% clinopyroxene and 75% plagioclase. The diffusion coefficients are from Farver and Giletti (1985;  for amphibole), Ingrin and others (2001, for clinopyroxene) and Elphick and others, (1986; for 'wet' plagioclase) and the temperature dependence of the fraction factors are from Bottinga and Javoy (1975, for amphibole) and Chiba and others (1989, for plagioclase (An 50 ) and clinopyroxene). The modeling is not meant to accurately replicate the ␦ 18 O of the amphibole veins due to lack of constraint on many of the input parameters and the cooling rates should not be considered meaningful. However, the relative changes show the potential importance of cooling rate in controlling the measured amphibole ␦ 18 O value. 417 in the lower oceanic crust does focussed fluid flow lead to enhanced cooling rates?
In the previous sections we have documented evidence for extensive focussed fluid flow in meter to decameter channels within the plutonic complex of the Oman ophiolite starting at ϳ800°C and continuing down to ϳ300°C. A critical question is how efficiently this fluid flow extracted heat from the crust. This question is difficult to answer using the geochemical data presented above because: (i) the temperature of the fluid when it entered the fault zone is unknown; (ii) only a minimum fluid flux can be calculated from the Sr-isotope data; and (iii) the average width of these focussed fluid flow zones is poorly constrained. To investigate the role of focussed fluid flow in heat extraction we have followed the approach of Coogan and others (2002b) to determine the cooling rates of samples at various distances from the fault zones to investigate if there is enhanced cooling in these regions. Coogan and others (2002b) describe in detail a method for determining the cooling rate of samples from the lower oceanic crust. In brief, this method is based on the closure temperature for Ca diffusion from olivine into clinopyroxene during cooling. As an olivine gabbro cools the equilibrium partitioning of Ca between olivine and clinopyroxene changes with Ca partitioning more strongly into clinopyroxene at lower temperatures (Kohler and Brey, 1990) . The extent to which Ca can diffuse from olivine into clinopyroxene to maintain equilibrium is a function of the cooling rate with rapid cooling quenching more Ca in olivine and slow cooling allowing extensive diffusion of Ca out of the olivine and into clinopyroxene. Thus, by measuring the Ca contents of these phases, and modeling the distribution of Ca using the Dodson (1973 Dodson ( , 1986 model and the Ca diffusion coefficient in olivine (Coogan and others, 2005) , we can determine the cooling rate (Coogan and others, 2002b) . Cooling rates determined in this way are generally for cooling between ϳ1000°C and ϳ600°C. Enhanced cooling rates around focussed fluid flow zones below the closure temperature for Ca diffusion in olivine will not be recorded by this approach. Coogan and others (2005) show that the pre-exponential factor in the diffusion coefficient for Ca in olivine is dependent on the oxygen fugacity. Thus, before using this approach to determine the cooling rate we must constrain the oxygen fugacity during cooling. We have done this using two different oxygen barometers. The oxygen fugacity at high-temperature was estimated following the method of Sugawara (2001) . This approach is based on the Fe 3ϩ content of the plagioclase in equilibrium with olivine that increases with increasing f O 2 . Because Fe 3ϩ diffusion is likely to be slow in plagioclase this method tells us about the oxygen fugacity during the crystallization of the gabbro. To determine the oxygen fugacity at lower temperatures we have used the ilmenite-magnetite coupled thermometer and oxygen barometer (Ghiorso and Sack, 1991) . The results of these two approaches suggest that cooling occurred close to the Quartz-Magnetite-Fayalite buffer ( fig. 11) . Dohmen and others (2003) have shown that at temperatures around 1000°C point defect equilibration becomes slower than cation diffusion leading to redox related point defects becoming frozen into olivine at around this temperature. Thus, as discussed by Coogan and others (2005) , the pre-exponential factor used in modeling Ca diffusion at temperatures Ͻ1000°C should be that calculated for the ambient f O 2 conditions at 1000°C (QMF in this case). The resulting diffusion coefficient is given by:
where R is the gas constant and T is the temperature in Kelvin.
The results of cooling rate determinations on a series of samples from around focussed fluid flow conduits are shown in figure 12. There is a clear tendency for samples from closer to the focussed fluid flow zones to have cooled at higher rates than those from further away. There is an increase in cooling rate of approximately one order of magnitude in the 100 m adjacent to the fault zones. The increase in the heat flux out of a focussed fluid flow zone relative to away from these zones can be estimated from these data:
An increased cooling rate of an order of magnitude reflects an order of magnitude larger heat flux (or power output) from the region with the higher cooling rate. The cooling rates in Wadi Namarah are slower at deeper levels in the crust as would be expected if the fluid flowing in the faults was heated gradually with depth. However, all cooling rates around faults in Wadi Namarah are faster than around the fault studied in detail in Wadi Abyad. The reason for this difference in cooling rate between these areas is unclear. We can only speculate that the entire crustal section in Wadi Abyad cooled more slowly. If the final model proposed to explain the O-isotopic composition of amphibole is correct (Amphibole O-Isotopes section) then this would explain the difference in ␦ 18 O of amphibole between these two crustal sections also ( fig. 9) . If the Wadi Abyad crustal section formed nearer to the center of a segment, or if the intensity of faulting was lower than in the Namarah area, this could lead to a difference in cooling rate. Without further data we cannot resolve this issue. Sugawara, 2001 ) and ilmenite-magnetite (low temperature data; Ghiorso and Sack, 1991) barometry. Data comes from Thomas (ms, 2003) and new data collected in this study. Temperatures for olivine-plagioclase pairs were calculated following the method described in Coogan and others (2002c) . The solid curve shows the quartz ϩ magnetite ϭ fayalite (QM-F) oxygen fugacity buffer. in the lower oceanic crust
Can the Fluid Fluxes Lead to the Enhanced Cooling?
An overarching goal of metamorphic studies of the oceanic crust must be to relate the time integrated fluid fluxes determined from chemical proxies for fluid-rock reaction, such as Sr-isotope ratios, with the cooling rate of the crust determined from geospeedometry and geothermochronology. Detailed comparison should await more thorough studies concentrating on a single focussed fluid flow zone, using multiple proxies for the fluid flux, and multiple geospeedometers to constrain the heat flux over a wider temperature interval. However, back-of-the-envelope calculations provide a useful link between these two approaches. The focussed fluid flux derived from the Sr-isotope modeling can be converted into a heat flux simply through knowledge of the average heat capacity of the fluid and its change in temperature within the crust. Using the minimum fluid flux through focussed fluid flow zones of 120x10 6 kgm Ϫ2 , an average fluid heat capacity of the fluid of ϳ4000 Jkg Ϫ1 K Ϫ1 (Bischoff and Rosenbauer, 1985; Bowers, 1995) , and assuming that the fluid was heated from 350°C to 600°C within the lower crust, the heat flux would be ϳ1.2x10
14 Jm Ϫ2 . For a 10 m wide focussed fluid flow zone this means that ϳ1.2x10 15 J would be extracted per meter of focussed fluid flow zone along axis. This amount of heat could be supplied by cooling an ϳ170 m wide section of the lower crust (4000 m high) around the focussed fluid flow zone by 600°C (using the parameters in table 1). This result is broadly consistent with enhanced cooling rates within ϳ100 m of the focussed fluid flow ( fig. 12) . Fig. 12 . Variation in cooling rate with distance from four different focussed fluid flow zones. Although there is significant scatter in the data there is an apparent increase in cooling rate close to faults with ϳ1 order of magnitude increase in cooling rate over ϳ100 m. Distances from the focussed fluid flow zone should be considered as relative rather than exact as defining the edge of the focussed fluid flow zones is subjective. See figure 2 for sampling locations.
Distribution and Cooling Around Focussed Fluid Flow Zones
The general significance of focussed fluid flow depends on the abundance and distribution of focussed fluid flow zones in newly formed oceanic crust. If focussed fluid flow zones are widely distributed (10's km) they will play little role in the cooling of the ocean crust and the hydrothermal fluxes through them will be globally insignificant. Alternatively, closely spaced (100's m) focussed fluid flow conduits could play a critical role in cooling the oceanic crust and be globally significant for hydrothermal fluxes. Observation of photo-lineaments in our study areas in the Oman ophiolite suggest a spacing of ϳ1 km ( fig. 2) but only a small number of these have been ground truthed. Possible evidence for faults with a similar distribution in the ocean basins comes from abyssal hills. These start to form within ϳ2 km of the ridge axis, continue to be active to ϳ30 km off-axis, can attain heights of Ͼ100 m and are distributed on a few km scale (Macdonald, 1998) . These may represent the surficial expression of faults that penetrate into the lower oceanic crust providing high permeability zones for focussed fluid flow. In fact, hydrothermal sediments have recently been reported at fault scarps adjacent to abyssal hills (Haymon and others, 2005) .
Another back-of-the-envelope calculation is useful in determining the potential of focussed fluid flow to cool the lower oceanic crust. Faults with a 1000 m spacing, which form in crust spreading at a half-rate of 50 mmyr Ϫ1 , would be the location of focussed fluid flow for 20,000 years prior to the initiation of the next fault closer to the ridge axis. For focussed fluid flow in a fault zone to play a significant role in cooling the crust away from the fault zone heat must be able to diffuse through the impermeable rock to the cool boundary imposed by the focussed fluid flow zone. The characteristic thermal diffusion distance in this time (defined as the square root of the product of the thermal diffusivity and time interval) is ϳ800 m. This number is large with respect to the half-spacing of the faults meaning that conductive cooling of the rocks around the focussed fluid flow zone could play an important role in the thermal structure of the lower oceanic crust. We note that this does not mean that high-temperature fluid flow would occur throughout all of this interval -simply that heat would be conducted laterally as well as vertically away from the accretion zone at the ridge axis.
A Model for Focussed Fluid Flow in the Lower Oceanic Crust
Two geophysical studies have recently provided insight into the thermal structure of the lower oceanic crust near to the ridge axis. A single seismic tomography study on the East Pacific Rise suggests that the isotherms in the lower crust are much steeper than predicted by conductive cooling (Dunn and others, 2000) . Although there are complexities in inverting seismic velocities to determine crustal temperature, if taken at face value, this suggests that hydrothermal circulation must extract heat from the lower crust. Compliance data from a number of areas on the East Pacific Rise suggest that the thermal structure is variable between locations and that in some areas it is very asymmetric (Crawford and Webb, 2002) . This along axis variability and asymmetry in thermal structure suggests that the efficiency of hydrothermal heat extraction within the lower crust is spatially and temporally variable. If focussed fluid flow is important for extracting heat from the lower oceanic crust then these observations suggest that the distribution of focussed fluid flow zones is temporally and spatially heterogeneous.
In this study we have shown that regions of focussed fluid flow exist in the lower oceanic crust potentially providing an explanation for the geophysical observations of Dunn and others (2000) and Crawford and Webb (2002) . Figure 13 shows a model that can reconcile our observations with geophysical constraints and previous studies of hydrothermal circulation in the lower oceanic crust. Fluid flow in the upper crust is pervasive leading to relatively uniform alteration of the sheeted dike complex and a relatively constant fluid composition penetrating the top of the plutonic complex. In contrast, fluid flow in the plutonic section is much more channelized with large fluid fluxes through regions spaced ϳ1 km apart. A network of progressively smaller scale fractures then transport fluids away from these focussed fluid flow zones into the surrounding crust, mining heat from this region, and forming isolated, short-lived, veins ( fig. 7C) . Likewise, around the tip of the focussed fluid flow zone, fluids will penetrate deeper into hotter rock and potentially form amphibole veins at temperatures of 600°to 850°C.
Geochemical signatures of large fluid fluxes (elevated 87 Sr/ 86 Sr) can be carried by the fluids in these veins as they penetrate short distances away from the focussed fluid flow zones. As the crust cools, the focussed fluid flow zones deepen, and this high temperature alteration is overprinted by a lower temperature mineral assemblage (for example, epidote veining at 300°-500°C). Once fluid-flow is initiated within a region several potential feedbacks may further focus fluid flow. Firstly, hydration reactions will tend to weaken the crust enhancing strain localization. Secondly, cooling the crust will increase the permeability through thermal contraction. Thirdly, cooling due to fluid flow will move the brittle-ductile transition deeper and allow further faulting to occur in the vicinity of focussed fluid flow regions in preference to adjacent warmer crust. These positive feedbacks may lead to the formation of large, widely-spaced, faults rather than many smaller ones.
It should be noted that this model is distinct from previous models of seawater penetration into the lower crust through the penetration of a pervasive cracking front into the crust (for example, Manning and others, 2000; Nicolas and others, 2003; Bosch and others, 2004) .
Implications for Hydrothermal Chemical Flux Estimates
A classic approach to determining the mass fluxes associated with hightemperature hydrothermal circulation at mid-ocean ridges is to extrapolate the measured concentration-to-heat ratio at axial hydrothermal vents to the global high temperature heat flux estimated from thermal constraints (for example, Edmond and others, 1979; Elderfield and Schultz, 1996) . Hydrothermal vents, such as blacksmokers, are thought to be driven by relatively pervasive fluid-flow, and fluid-rock reaction, within the upper oceanic crust (for example, Cann and others, 1985) . If a significant amount of the axial heat (maybe 50% or more; fig. 1 ) is extracted through focussed fluid flow in the plutonic complex, with fluids venting off-axis, then the classical approach will over-estimate the fluxes of many elements. This is because pervasive fluid flow in the sheeted dike complex will lead to much more extensive fluid-rock exchange than will focussed fluid flow in channels in which the fluid and rock will rapidly tend to chemical equilibrium. For example, even though the focussed fluid flow zones studied here are Cu depleted this depletion only affects a narrow zone ( fig. 3 ) whereas in the sheeted dike complex the metal depleted regions can be extensive. The same argument can be made from the pervasive Sr-isotope exchange between the sheeted dike complex and the hydrothermal fluids but a much more focussed exchange in the plutonics (fig. 5) . The global importance of focussed fluid flow in the lower crust to the composition of the oceans cannot be quantified until better estimates of the heat flux associated with focussed fluid flow are available and, ideally, samples of fluids venting in the off-axis have been studied. Off-axis vents, which may be substantially cooler than black-smokers on average, may also provide an energy source for biological communities although magmatic nutrients such as CO 2 will be more limited than at the axis. They may also act as stepping stones for the migration of vent fauna allowing broader dispersal than if all hydrothermal venting occurred along the ridge axis.
summary
We have documented the importance of decameter-scale channels for hydrothermal circulation in the lower oceanic crust using the Oman ophiolite as an example. Fluid flow starts in these zones at ϳ800°C and continues down to Ͻ300°C. Fluid fluxes in these channels are sufficient to reset the Sr-isotopic composition of the crust to equal that of the fluid crossing the dike-gabbro transition. Fluid flow through these regions causes enhanced cooling rates in the surrounding crust. Decoupling of heat and mass transport can occur due to focussed fluid flow meaning that, if significant amounts of the axial heat flux is extracted through focussed fluid flow, the global geochemical fluxes from mid-ocean ridge hydrothermal systems will need to be revisited.
Finally, we note that in many ways this is only a pilot study. More detailed mapping of the size, distribution and geometry of these zones, along with more detailed laboratory studies to determine fluid-and heat-fluxes through these regions, are necessary before the global importance of this style of fluid flow in the oceanic crust can be fully understood. Furthermore, finding and sampling fluids exhaling at the seafloor in the off-axis will be necessary before the impact of this style of hydrothermal circulation on ocean chemistry can be fully quantified.
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